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ABSTRACT
The objective o f this thesis is to demonstrate a new concept of modeling gaseous 
discharges. It has been noticed that theoretical calculated gaseous discharge parameters 
deviate considerably from the experimentally obtained values. All previous studies on 
the electron energy distribution within the gaseous discharge have been considered as 
one single distribution with one mean energy level. During this study two electron 
energy distributions, representing majority and minority of electrons in the gaseous 
discharge, with two mean energy values has been considered. The study reveals that the 
deviation of theoretical calculated discharge parameters and experimentally obtained 
values were greatly reduced with the combined model of energy distribution. Gases 
studied are hydrogen, nitric oxide and nitrous oxide, which satisfy the same concept 
developed.
Key words: Electron Energy Distribution, Combined distribution Model, drift velocity
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NOMENCLATURE
F(e) Electron Energy Distribution Function
€ average electron energy
€ electron energy
m collision cross section
e electron charge
m mass of an electron
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CHAPTER 1
INTRODUCTION
The gas discharge is a vast research area and this area has been studied over hundred 
years. It has been identified, as expressed by different authors that, there is a significant 
difference in calculated gas parameters and experimental values. The objective of this 
research is to explain and find a practical model to mitigate the difference in 
experimental and calculated values o f gas discharge properties.
Gas is not a good conducting medium, but under specific conditions gas conducts 
electricity. The specific conditions are voltage (strength of the electric field), 
temperature, pressure, material used for cathode and anode etc. Conductors conduct 
electricity with very low applied voltage, while gases start to conduct electricity at very 
high voltage.
This can be explained by the band theory of materials. In the case of a conductor 
conduction band and valence band are overlapped; this results in conduction at very 
low potential difference. But, in the case of insulators conduction band and valence 
band do not overlap. Therefore, electrons need additional energy to jump into the 
conduction band to start conduction process.
1.1 Gaseous Discharge
The type of gas discharge is determined by various factors. Primarily, gas pressure, 
density, electrode shape, polarity of voltage, high frequency or low frequency and 
impulse voltage etc. Secondary factors are duration of applied voltage, electrode 
material, etc. [1],
1.1.1 Study of Gas Discharge Analysis
As briefly explained before, gas discharge involves various factors, resulting in a 
complex phenomenon. However, the fundamental processes that occur in the discharge
1
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are similar, though the intensity of each process varies over wide range. In an electrical 
discharge there may be several mechanisms of charge generation or loss, the more 
significant mechanisms can be classified as below [4],
(a) Charge Generation:
Charge generation may be due to electron collision, photo ionization, ionization by 
positive ion collision, thermal ionization, electron detachment and cumulative 
ionization [4],
(b) Charge Loss:
Loss of charge may be due to electron attachment, recombination and by diffusion [4],
1.1.2 Industry Use of Gas Parameters
The uses of gas parameters in the industries vary, depending upon the use of gas. As an 
example high voltage product manufactures generally consider gases as an insulator, 
knowing the parameters of those gases determine the quality of the insulating medium. 
SF6 is a very good electro negative gas, which is used in high voltage switchgears and 
GIS substations.
1.2 Ionization by Electron Collision
Ionization by collision is the most important process in the breakdown of gases. 
Electrons moving very slowly will not produce ionization. At the same time electrons 
moving very fast are also poor ionizers. Electrons having moderate velocities ionize the 
molecule if  the energy transfer is greater than the ionization energy. If the electron 
energy is less than ionization energy, target molecule or atom goes to an excited state. 
In this excited state atom will ionize by collision with another slow moving electron [4],
For every gas there exists an optimum electron energy range, which gives maximum 
ionization probability.
2
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o 100 200 300 400
E n erg y  ( e V )
Figure 1.1 Ionization probability curve for a typical gas [4]
In the absence of an electric field there is an equilibrium in which the rate of production 
of electrons and positive ion is balanced by the rate of their decay. Once a sufficiently 
high electric field is applied, this equilibrium will not be sustained any more.
1.2.1 Elastic Collision
A more accurate term for elastic collision is momentum transfer collision. Electrons 
gain the energy from electric field and accelerate colliding with molecules. Free 
electrons are continuously gaining energy from electric field and accelerate until 
collide with a molecule if the velocity of electron is in the opposite direction of electric 
field. During momentum transfer collision there is very little of exchange of energy 
with the electron, loosing energy that is proportional to m/M where m and M are 
masses of electron and molecule, respectively. Internal energy level does not change 
during an elastic collision. The main consequence of an elastic collision is that the 
direction of travel of electron changes depending upon the angle at which the electron 
strikes the molecule [1][12].
3
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1.2.2 Inelastic Collision
In this type of collision, there is change of the internal energy state of the molecule due 
to sufficiently high-acquired electron energy. These types of collisions create excited 
species, ionization and metastables [12].
1.2.3 Superelastic Collision
In this type of collision, change in internal energy is converted to the kinetic energy 
[12].
1.3 Ionization by Photo Ionization
If an electron with energy less than the required ionization potential collides with the 
atom, excitation occurs. Where A represent a neutral molecule, A* represent a excited 
molecule in the gas, KE represent kinetic energy and h v  represent the radiated photon 
energy.
A + e + KE -»  A* + e
This state of the atom is not stable; recovering from this state, atom radiates a quantum 
of energy or photon that may in turn ionize another atom whose ionization potential is 
equal or less than the photon energy.
A + hv —» A+ + e
If Vt is the ionization potential required for the atom or for the molecule, hv has to be 
greater than or equal to eVi [4],
1.4 Ionization by Interaction of Metastables with Atoms
Some of the excited electronic states last more than few nano seconds, known as 
metastables states. If a metastable state has energy greater than that of ionization 
energy of another atom, collision of above atom results in ionization of the second 
atom. It may be represented as below [4], Where, A* represent metastable status of A, 
B + represent negative ion of atom A.
Am + B ^ > A  + B++ e
4
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If Am <  V\ . Then the collision may result to higher state of energy
Am + B ^ > A  + B'
1.5 Thermal Ionization
If a gas is heated to sufficiently high temperature neutral atoms acquire energy to 
ionize. Thermal ionization is the principal source of ionization in flames and high- 
pressure arcs. In general the term thermal ionization is applied to the ionization action at 
high temperature [4], Where, U, represents thermal energy.
A ^ A ' + e - U ,
1.6 Deionization by Recombination
If both positively charged and negatively charged particles are present together 
recombination takes place. The recombination takes place to lower energy state and 
release quantum of radiation [4],
A + + 6 —̂ A + hv 
A+ + e - > A m + hv
1.7 Deionization by Attachment and Negative Ion Formation
There are several negative ion formation processes. The simplest mechanism is one in 
which the excess energy upon attachment is released as quantum of energy.
A + e A~ + hv
The excess energy upon attachment can be acquired as kinetic energy of third body 
upon collision. Where, Wk represent kinetic energy.
e +  A + B  - »  A" +(B + Wk)
Dissociative attachment is predominant in molecular gases, and the energy used to 
separate the molecule into neutral particle and negative ion. 
e + A B -+ (A B ~y -+ A -+ B
Splitting the molecule into positive and negative ion, known as ion-pair generation.
e + AB -» A" + B* + e [4]
5
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1.8 Mean Free Path ( X  )
The mean free path is the average distance between collisions with gas molecules. The 
concept is general and it is not limited to the elastic collisions and it is varying quantity 
due to random nature of collision. The mean free path for molecules at atmospheric 
pressure of lOlkPa is approximately 60nm and very small distance. As the pressure 
decreases mean free path tends to increase [1],
i 1 1
P n q m
Where Qm = collision cross section 
N  = number of molecule
1.9 Collision Cross Section (Q )
This property describes the area involved in the particle collision and measured in m2 
and the cross section of a gas is a function of electron energy.
Figure 1.2 and Figure 1.3 show the cross section of H2 and SF6 . The cross section 
is a fundamental property of the material. The momentum transfer cross section of 
Figure 1.2 and Figure 1.3, show variation of (Q ) with respect to energy (eV). The
main intension of inserting Figure 1.2 and Figure 1.3 is to show the cross section 




e  10“ attachm ent
vibration
attachm ent





0.1 10 100 10001
Energy (eV) Energy (eV)
Figure 1.2 Cross section hydrogen gas 5 Figure 1.3 Crossection SF6 gas
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There are different cross sections in this area of study [12],
(1.) Momentum transfer cross section (QM)
(2.) Elastic collision cross section (g e/)
(3.) Differential cross section( 0 ^ )
Differential cross section is defined as follows
Qei ='1^ Q m {9)sin{9)d 0
0
where #is angle of electron approach before the collision occurs. Above 
definitions are valid for other cross section also. Therefore it can be 
expressed as below.
7t
Qv = 2nJ Qvdiff{6) sin(0)dO ( vibrational excitation)
0
Jt
Qex = Qex,aff(^sin^ d0  (excitation)
0
Above differential cross section are measured and corresponding collision cross 
section are obtained by integration.
(4.) Excitation cross section (Qex)
(5.) Ionization cross section (Qt)
(6.) Total cross section (Qr )
Qt Qelastic + £ & — [12]
There are different methods of measuring cross section and have their own advantages 
and disadvantages over each method.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.10 Electrons Energy Distribution
This is very impotent definition throughout this thesis. The electron collision with atom 
or molecule is purely a random process; therefore the energy of the electrons in the gas 
is expressed as a distribution function. We use the energy distribution function given 
by Maxwell or Boltzmann. The symbol for energy distribution is / ( e )  and it is a 
function of electron energy.
1.11 Drift Velocity W (m/s)
In this thesis, Drift velocity is referred to the drift velocity of electron. But, drift 
velocity is not necessarily a term in gas analysis. This term has a meaning in conductors 
as well as semiconductor physics.
There is a drift of individual electron when a gas is in thermal equilibrium without 
external electrical field. But the average drift of electrons is zero. The average drift 
velocity becomes positive when an external electric field is applied. The average drift of 
electrons towards the anode is called the drift velocity (W).
8
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CHAPTER 2
MATHEMATICAL MODELING
In the previous chapter, most of the important fundamental aspects of electron motion in 
the gas were taken into brief consideration. In the context of this thesis, influence of 
Electron Energy Distribution function and Cross section are studied with an intention to 
develop better distribution to reflect experimental results with theoretically calculated 
gas parameters. Cross section is an experimental measure and the accuracy depends on 
the method of measurement.
2.1 Electron Energy Distribution Function (EEDF)
The energy distribution of molecules in a gas is given by the well-known Maxwell 
distribution or Boltzmann distribution.
2.1.1 Maxwell Distribution
The velocity distribution function according to Maxwell is given as below[l]
/(v )  =




Where, m = mass of electron (kg), h= Boltzmann constant, v = velocity of electron(m/s) 
and T = temperature of gas(K)
Mean thermal velocity is given by
vth = \jt.m •(2)
Velocity distribution is expressed in terms of the energy by substituting velocity term as 
below.
1-mv ■(3)
Where, E = electrons energy (V)
9
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Maxwell distribution is a particular case of a general distribution function of the form 
[1]
. 1/2







Where €  is the mean energy of the electrons and A and B are expressed by the 
following functions.
A = 2(P +1)
B =












Where P = a numerical constant, T = Gamma function
The differences between Eqn.(l) and (4) are that one distribution expressed in terms of 
velocity with temperature while latter expressed electrons energy with electrons mean 
energy.
Changing the value of P in Eqn.(4), we can obtain different distributions. For an 
example P = -0.5 gives Maxwell distribution and P=0 gives Druyvestyn Distribution.
Figure 2.1 shows the variation of F(e)(Eqn(4)) with the numerical constant P. The 
value of P was changed from -0.5 to 1.5 while keeping E/N and "e constant. (E/N =1 
and e" =3eV)
Where, E= Applied Electric Field (V/m) and N= number of molecules.
10
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Figure 2.1 Variation of F (e) with change of P
The value of P increases distribution shows lesser number of high-energy electrons. 
Therefore the numerical constant P is significant in Eqn.(4).
2.1.2 Boltzmann Distribution
The EEDF is not Maxwellian in large number of molecular gases. The electron gains 
energy from the electric field and loses with the collisions. In steady state condition net 
gain is zero and Boltzmann distribution is universally adopted to determine EEDF. 
Boltzmann equation is as shown below: [1]
|- F ( r ,v ,0  + a.VvF(r ,v,t) + v.VrF (r,v ,t) = j[F (r ,v ,t)] ................................................ (7)
Where F is EEDF and J is collision integral. The solution for the above equation gives 
the EEDF, and has different methods of solving.
11
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Solution for the above equation is not taken under this study, but “BOLSIG solver” is 
used to find the solution for the equation under required conditions. The BOLSIG solver 
is a software, which gives the solution for the above Eqn. (7).
2.2 Applied Field Strength (E/N)
In this area of study, E/N is used instead of electric field.
Where E = electric field, N = number of molecules/m2.
Meaning of this is that the ratio of E/N changes the parameters of electrons. The main 
reason to use E/N is the number o f gas molecules inside discharge has a direct impact 
on electron traveling from cathode to anode.
For example, atmospheric pressure for air, N  = 1025m-3 (approx),
E=10,000 V/cm = 106 V/m, E/N = 106/ 1025 y m2 = 10-19 y m2,
1 Td = I0'21ym2 ( By international definition)
Therefore applied E/N = lOOTd. Higher the magnitude of E /N , higher the energy gain 
per molecule.
2.3 Calculation of Drift Velocity (W)
Drift velocity per unit of electric field is called the mobility gas. Therefore drift velocity 
can be expressed as follows.
Drift Velocity (W) = ju x E 
ju = Mobility of electron in a gas,
E = Electric field.
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w here, Q(e) is the cross section of the gas.
The values for Q(e) is available as a data set of e (eV) and Q(e) ( m2 ). Therefore 
intermediate values required for the calculation was obtained by interpolation.
13
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CHAPTER 3
STUDY OF HEYLEN’S PAPER [9]
The main purposes of this chapter are to verify the numerical method of calculation of 
Eqn.(9) with analytical expression for drift velocity (W). The paper published by 
Heylen [9] is used for calculation verification.
3.1 Heylen Paper Summery
We considered Heylen’s paper because the drift velocities have been calculated using 




m d e (9)
I f  6D  = - \ —  F ( e ) d e
3J0A^(e)
NQ(e) = NQ0 e d ..
(10)
.(11)
Where, d is a constant. Different cross section can be defined by changing the d value.
The ratio of above two quantities (Eqn.(10)/Eqn.(9))is given by the Einstein relation 
D 2   _— = — e in which € is the mean energy of the distribution function. The microscopic 
F  3
relation between this ratio and the electron mean energy depend on the functions used
for N.Q(e) and F (e ) . To evaluate above ratio electrons energy distribution function
has to be known. Therefore the Eqn.(4) was used for the distribution function F (e ) . If
D D 2 _we take as a reference for — , the case when F(e) is Maxwellian, then — = — eM and
F F  3
we find the ratio of any other mean energy ê , to % ,  making use of Eqn. (9), Eqn.(10)
and the Einstein relation . The change in ratio with respect to the change in P and
%
14
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d is given in Table 3.1. Where P is a numerical constant used in Eqn.(4) and ep is the 
mean energy of the distribution function at a particular P value. The mean energy of 
Maxwellian distribution is represented by the symbol % .
3.2 Calculation of
%
The main intention of this calculation is to verify the numerical integration. In this 
paper [9] values have been calculated by an analytical method. Therefore, to check the 
accuracy of numerical integration, comparison was done between analytically
calculated values and the values obtained by numerical integration. The ratio
M
was calculated for different F(e) (each value of P gives different F (e) , P= -0.5, 0.0, 
0.5,1.0, 1.5) and <2(e)(Eqn. (11), d=-0.5, 0.0, 0.5, 1.0, 1.5). The Table 3.1 shows the
comparison of analytically calculated value of 
value.
' e p. and numerically calculated
%  J
Table 3.1 Comparison of numerical integration with analytical method [9]
p
d =-0.5,
V' 4%  J \ eM J
d=0.5 ,
V )
d =  1, -= ^ ~

































































-0.5 1.00 1.00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.0 1.00 1.00 0.8720 0.8773 0.6720 0.6861 0.5550 0.5588 0.3330 0.4191
0.5 1.00 1.00 0.8460 0.8423 0.6430 0.6272 0.4770 0.4791 0.2600 0.2745
1.0 1.00 1.00 0.8280 0.8276 0.6350 0.6032 0.4770 0.4485 0.2350 0.2474
1.5 1.00 1.00 0.8260 0.8199 0.6000 0.5910 0.4350 0.4334 0.2230 0.2349
15
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The comparison of numerically calculated and analytically calculated values
shows that the numerical integration gives satisfactory results. Therefore, this 
comparison confirmed that the numerical integration is good for the calculation of drift 
velocity (W).
The M a t l a b  6.1 is used for the calculation of 
the Appendix A.
' 5 '
\ gm  J
and all programs are attached in
16
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CHAPTER 4
CALCULATION OF DRIFT VELOCITY IN HYDROGEN
Hydrogen gas was selected primarily for the study. Main intention of the study is to 
calculate the drift velocity with different EEDF and compare the results with 
experimentally obtained values. The selection of hydrogen was made due to following 
reasons.
(a) This gas has been studied extensively and many papers available.
(b) Different cross section, mean energy values, experimental drift velocity values 
are available to compare results.
(c) Molecular structure is simple.
(d) All models start with hydrogen, if good results are obtained. The model continues 
with complex molecules.
4.1 Drift Velocity Calculation using Maxwell Distribution (H2)
Maxwell distribution was obtained from the general distribution by substituting P
0.5.
- 1/2
F(e) = 2.073. —̂ e x p
r \ '
€-1.5. .(12)
ef is obtained from [2]
Eqn. (12) combined with values shown in Table 4.1 are substituted in Eqn. (9) to 
numerically calculate the drift velocity. Intermediate values of H2 cross section were 
evaluated by interpolation in numerical integration. Table 4.1 preset the data set for the 
cross section of H2 [10].
The percentage error is calculated using the expression below.
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1 0.010 7.7352 17 0.841 16.2371 36 40.000 4.2000
2 0.013 7.8644 18 0.915 16.2341 37 50.000 3.7000
3 0.016 8.1331 19 1.196 17.0773 38 60.000 3.3400
4 0.021 8.2686 20 1.236 16.5028 39 70.000 3.0800
5 0.029 8.5499 21 1.616 16.4932 40 80.000 2.8700
6 0.037 8.8420 22 1.943 16.4866 41 90.000 2.6900
7 0.053 9.2995 23 2.626 15.9228 42 100.00 2.5300
8 0.067 9.7832 24 3.431 14.8632 43 125.00 2.2200
9 0.092 10.4673 25 4.714 13.1469 44 150.00 1.9900
10 0.122 11.0105 26 6.262 11.4904 45 200.00 1.6600
11 0.163 11.5819 27 7.653 10.5450 46 250.00 1.4300
12 0.217 12.6061 28 9.833 9.3528 47 300.00 1.2700
13 0.265 13.0382 29 11.620 8.5845
14 0.340 13.7159 30 14.202 8.0144
15 0.484 14.9266 31 17.645 6.9880
16 0.665 15.1731 32 19.833 6.5251
Drift velocity of H2 was calculated for the E/N range 1-12 Td. Calculated drift velocity 
values are tabulated in the Table 4.2.
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1 6.2300E+03 6.3656E+03 2.13
2 8.3700E+03 8.5723E+03 2.36
3 9.8200E+03 1.0310E+04 4.75
4 1.1500E+04 1.1933E+04 3.63
5 1.2900E+04 1.3542E+04 4.74
6 1.4200E+04 1.5066E+04 5.75
7 1.5400E+04 1.6499E+04 6.66
8 1.6500E+04 1.7872E+04 7.68
10 1.8700E+04 2.0608E+04 9.26
12 2.0700E+04 2.3135E+04 10.53
The Table 4.2 shows that Maxwell’s distribution yields percentage errors in the range of 
2.1% -10.5 % for the (E/N) 1-12 Td.
Figure 4.1 shows calculated drift velocity values in Table 4.2
19
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2.4


















20 2 6 104 8 12
HYDROGEN DRIFT VELOCITY CALCULATION
Figure 4.1 The plot of calculated drift velocity, experimental drift velocity and error
vs. (E/N) for H2 - (Maxwell Distribution)
Maxwell distribution gives higher drift velocity value than the experimental results. 
Therefore, error is always positive. It is noted that the percentage error is increased with 
the increase in (E/N) value.
20
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4.2 Drift Velocity Calculation using Druyvestyn Distribution
We next consider Druyvestyn distribution as an alternative. Druyvestyn distribution was 
obtained from the general distribution Eqn. (4) by substituting P = 0.
. 1/2
F (e)  = 1.0383.^jr-exp - B .(13)
Eqn. (13) combined with values shown in Table 4.1 are substituted in Eqn. (9) to 
numerically calculate the drift velocity. Table 4.3 shows the calculated drift velocity 
values using Druyvestyn distribution.














1 6.2300E+03 5.3397E+03 -16.67
2 8.3700E+03 7.1740E+03 -16.67
3 9.8200E+03 8.6453E+03 -13.59
4 1.1500E+04 1.0017E+04 -14.80
5 1.2900E+04 1.1381E+04 -13.35
6 1.4200E+04 1.2681E+04 -11.98
7 1.5400E+04 1.3915E+04 -10.67
8 1.6500E+04 1.5105E+04 -9.24
10 1.8700E+04 1.7487E+04 -6.94
12 2.0700E+04 1.9710E+04 -5.02
Table 4.3 shows that Druyvestyn distribution yields an error in the range of -5.0% -16.6 
% for the (E/N ) 1-12 Td. Figure 4.2 shows graphically drift velocity values in Table
4.4
21
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HYDROGEN DRIFT VELOCITY CALCULATION
Figure 4.2 The plot of calculated drift velocity, experimental drift velocity and 
the drift velocity error vs. (E/N) for H2 - (Druyvestyn Distribution)
Druyvestyn distribution gives lower drift velocity than the experimental results. 
Therefore, error is always negative and the percentage error decreases with the increase 
in (E/N) value.
Table 4.4 shows the summary of the Maxwell and Druyvestyn Distribution drift 
velocity calculation. Drift velocity calculated using Maxwell distribution indicates a 
higher drift velocity and the percentage error increases with the increase in (E/N). The 
drift velocity calculated using Druyvestyn distribution indicates lower drift velocity and 
the percentage error decreases with increase in (E/N). Both, Maxwell and Druyvestyn 
results are tabulated on the same sheet for convenience.
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1 0.1430 6.2300E+03 6.3656E+03 2.13 5.3397E+03 -16.67
2 0.2514 8.3700E+03 8.5723E+03 2.36 7.1740E+03 -16.67
3 0.3465 9.8200E+03 1.0310E+04 4.75 8.6453E+03 -13.59
4 0.4275 1.1500E+04 1.1933E+04 3.63 1.0017E+04 -14.80
5 0.4950 1.2900E+04 1.3542E+04 4.74 1.1381E+04 -13.35
6 0.5565 1.4200E+04 1.5066E+04 5.75 1.2681E+04 -11.98
7 0.6150 1.5400E+04 1.6499E+04 6.66 1.3915E+04 -10.67
8 0.6705 1.6500E+04 1.7872E+04 7.68 1.5105E+04 -9.24
10 0.7665 1.8700E+04 2.0608E+04 9.26 1.7487E+04 -6.94
12 0.8595 2.0700E+04 2.3135E+04 10.50 1.9710E+04 -4.8
23
4.3 Comparison of Maxwell and Druyvestyn distribution results




















/ - j ..............4...............4-0.6
E/N
0.4
HYDROGEN DRIFT VELOCITY CALCULATION
Figure 4.3 Comparisons of Maxwell and Druyvestyn distribution calculated drift
velocity results.
Figure 4.3 indicates that, both Maxwell and Druyvestyn distribution do not give 
satisfactory results. Therefore, Eqn. (4) was used to calculate the drift velocity for 
different P values.
24
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4.4 Calculation of Drift Velocity using Eqn. (4) by Changing 
P from -0.5 to 0 (Maxwell to Druyvestyn distribution)
The Eqn. (4) is repeated here for convenience.
Eqn. (4)
Table 4.5 shows the calculated A and B values of the Eqn. (4)
Eqn. (4) combined with values shown in Table 4.5 and Table 4.1 are substituted in Eqn. 
(9) to numerically calculate the drift velocity. Table 4.6 shows the calculated drift 
velocity values.








The calculated drift velocity values for each P value in the E/N range of (l-12Td) are 
shown in Figure 4.4.
25
. 1/2
F(e) = A-jjjexp - B
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A \ U
2.4
E x p e c te d  Drift V elocity  
p=-0.5 (Maxwell Calculated) 
- a -  p * 4 j.4
p»-0̂
p=0.1
- t -  p = 0  (D ru y v e s ty n  C a lcu lated )
2.2
P * - 0.4









COMPARISION OF DRIFT VELOCITY VARIATION FOR P =0 TO -0 .5
Figure 4.4 Variation of calculated drift velocity using distribution function
defined in Eqn. (4)
According to above results, drift velocity calculated by changing the P between 
Maxwell to Druyvestyn does not show satisfactory match with experimental values.
Calculated drift velocity values and the observed errors are tabulated in the Table (4.6). 
for each P value.
26





























































































































0.1430 6.2300E+03 6.3656E+03 2.18 5.9851E+3 -4.09 5.8434E+3 -6.62 5.6935E+3 -9.42 5.4371E+3 -14.58 5.3397E+3 -16.67
2
0.2514 8.3700E+03 8.5723E+03 2.42 8.0613E+3 -3.38 7.7244E+3 -8.36 7.6481E+3 -9.44 7.3091E+3 -14.51 7.1740E+3 -16.67
3
0.3465 9.8200E+03 1.0310E+04 4.99 9.6994E+3 -1.24 9.2965E+3 -5.63 9.1907E+3 -6.85 8.8036E+3 -11.55 8.6453E+3 -13.59
4
0.4275 1.1500E+04 1.1933E+04 3.77 1.1231E+4 -2.40 1.0768E+4 -6.80 1 0628E+4 -8.20 1.0200E+4 -12.75 1.0017E+4 -14.80
5
0.4950 1 2900E+04 1.3542E+04 4.98 1.2752E+4 -1.16 1.2230E+4 -5.48 1.2051E+4 -7.05 1.1588E+4 -11.32 1.1381E+4 -13.35
6
0.5565 1.4200E+04 1.5066E+04 6.10 1.4195E+4 -0.04 1.3619E+4 -4.27 1 3400E+4 -5.97 1.2911E+4 -9.98 1.2681E+4 -11.98
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8 0.6705 1.6500E+4 1.7872E+4 8.32 1.6860E+4 2.14 1.6192.E+4 -1.90 1.5884E+4 -3.88 1.5371E+4 -7.63 1.5105E+4 -9.24
10 0.7665 1.8700E+4 2.0608E+4 10.20 1.9486E+4 4.03 1.8709E+4 0.05 1.8311E+4 -2.12 1.7784E+4 -5.15 1.7487E+4 -6.94
12 0.8595 2.0700E+4 2.3135E+4 11.76 2.1877E+4 5.38 2.1047E+4 1.65 2.0557E+4 -0.70 2.003 5E+4 -3.32 1.9710E+4 -5.02
28
Figure 4.5 shows the drift velocity and percentage error for each P value. The different 
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HYDROGEN DRIFT VELOCITY CALCULATION
Figure 4.S Variation of calculated drift velocity and percentage error using
Eqn.(4) with P=-0.5, -0.4, -0.3, -0.2, -0.1 and 0.0
When P= -0.5, the distribution is called Maxwell distribution. As we noted earlier, that 
the Maxwell distribution gives higher calculated drift velocity value than the expected 
value. While P=0, the distribution is called Druyvestyn distribution. We observed that, 
the Druvestyn distribution gives lower calculated drift velocity than the expected value. 
Therefore, if there is a better distribution, it should be within the values of P=0 and P=-
0.5. Hence, followings can be concluded base on the previous results.
1. Maxwell or Druyvestyn distribution does not give a satisfactory result for the drift 
velocity o f H2.
29
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2. Distribution function defined in the Eqn.(4) was checked with the Table 4.1 cross 
section of H2 and with different values of P = 0 and -0.5. But better agreement of 
calculated drift velocity and experimental drift velocity could not be obtained by the 
distributions derived from Eqn.(4).
3. Shape of the experimental drift velocity value vs. E/N graph and the shape of the 
Numerically Calculated drift velocity vs. E/N are different, therefore reasonably 
distributed percentage error can not be obtained through out the E/N range.
4.5 Boltzmann Distribution using BOLSIG solver [13]
Hydrogen drift velocity was calculated using BOLSIG solver. This BOLSIG solver has 
been developed by the kinema software, W.L. Morgan (Software Solutions for Applied 
Physics and Chemistry) and CAPAT J.P. Boeuf and L.C. Pitchford ( Center de 
Physiquedes Plasmas et Applicationsde Toulouse). This BOLSIG solver is freely 
available [13].
In this thesis Boltzmann distribution function was not solved, but solution given by the 
BOLSIG solver were used for analysis.
Table 4.7 shows the drift velocity obtained by the BOLSIG solver. Maxwell and 
Druyvestyn drift velocity and error yield also tabulated on the same sheet for 
convenience of comparisons.
30
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1 6.2300E+03 6.3660E+03 5.3400E+03 6.0149E+03 2.14 -16.67 -3.58
2 8.3700E+03 8.5720E+03 7.1740E+03 7.8632E+03 2.36 -16.67 -6.45
3 9.8200E+03 1.0310E+04 8.6450E+03 9.4185E+03 4.75 -13.59 -4.26
4 1.1500E+04 1.1933E+04 1.0017E+04 1.0884E+04 3.63 -14.80 -5.66
5 1.2900E+04 1.3542E+04 1.1381E+04 1.2252E+04 4.74 -13.35 -5.29
6 1.4200E+04 1.5066E+04 1.2681E+04 1.3536E+04 5.75 -11.98 -4.91
7 1.5400E+04 1.6499E+04 1.3915E+04 1.4748E+04 6.66 -10.67 -4.42
8 1.6500E+04 1.7872E+04 1.5105E+04 1.5909E+04 7.68 -9.24 -3.71
10 1.8700E+04 2.0608E+04 1.7487E+04 1.8087E+04 9.26 -6.94 -3.39
12 2.0700E+04 2.3135E+04 1.9710E+04 2.0131E+04 10.53 -5.02 -2.82
The Table 4.7 shows the drift velocity and the error for each distribution. This shows 
that the Boltzmann distribution is the best distribution relative to the Maxwell and 
Druyvestyn distributions. The most significant feature in Boltzmann distribution is that 
the drift velocity error is distributed throughout the E/N range. If we compare the 
calculated drift velocity obtained by Maxwell or Druyvestyn distribution, it shows 
significantly that the error is either increasing or decreasing with the increase in E/N.
31
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HYDROGEN DRIFT VELOCITY CALCULATION
Figure 4.6 Comparison of Maxwell, Druyvestyn and BOLSIG Distribution and
error comparison
Figure 4.6 is a graphical illustration of the Table 4.7 data. In the Boltzmann distribution 
percentage error graph is fairly flat in the E/N range 1-12 Td.
The Table 4.6 shows that Boltzmann distribution yields an error in the range of -2.80% 
-5.66 % for the (E/N) 1-12 Td.
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5
COMBINED ENERGY DISTRIBUTION
In the previous chapter, number of distributions were studied with hydrogen and results 
were tabulated. According to the calculated drift velocity results, none of the 
distributions were able to give satisfactory result in the 1-12 Td E/N range. Boltzmann 
distribution gives better results than the other distributions.
5.1 Combined Distribution
In the Chapter 1, some of the useful definitions were described briefly. The electrons 
collision with molecule or atoms is one of the most important fundamental aspects of 
electron motion in the gas. In the presence of an electric field, electrons acquire energy 
from the electric field. The acquired energy will be stored in the form of kinetic energy. 
In the next moment, the acquired energy will be dissipated with a collision of an atom 
or a molecule. These collisions are either elastic or inelastic depending on the energy of 
the electron.
Even in the absence of an electric field electrons move randomly due to kinetic energy. 
In the absence of an electric field, there will not be an electron drift. Electron drift will 
be observed only in the presence of an electric field. However, each and every electron 
in the population has a different drift toward the anode. This drift could be positive or 
negative. The drift velocity represents the average drift of electrons in total population.
The energy of individual electrons is also different to each other. These energy states of 
electrons are changed randomly. Due to this randomness and the large number of 
possible energy states, electron energy is represented by an energy distribution function. 
The electron energy distribution function is the most important factor for calculating 
drift velocity. As a solution to the Electron Energy Distribution Function (EEDF) we 
have well known Maxwell and Boltzmann distributions.
33
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In the previous Chapter we studied Maxwell, Boltzmann, Druyvestyn and some General 
Distributions with Hydrogen. It was noted that the calculated drift velocity is not close 
enough to the acceptable level. Further, we observed that Boltzmann distribution results 
were much better than the Maxwell and Druyvestyn distribution results. This implies 
that Boltzmann distribution is close to the real electron energy distribution in the 
discharge than the other distributions.
In previous drift velocity calculations, we assumed that all electrons follow one 
Electron Energy Distribution for a particular E/N value. In real gaseous discharges, 
there could be a part of population behaving in separate manner. If this is the case, part 
of the population follows a different distribution. The mean energy level of the second 
distribution could be a fraction of a primary distribution. The electrons in these major 
and minor populations are not fixed. An electron in the primary distribution could jump 
into the secondary distribution due to various factors. In the same manner, electrons in 
secondary distribution can jump in to the primary distribution. However, at the steady 
state electrons transaction between two distributions can be assumed as equal. 
Therefore, the proportion of electrons in the primary and secondary distributions does 
not change for a particular E/N.
In this thesis, combined distribution concept was studied with major distribution and 
one minor distribution. The major and minor distributions represent the primary and 
secondary distribution respectively. Mathematical representation of combined 
distribution is defined as below.
G(e) =| y.Fx (e) ± ( l - y  )F2 (e) | ........................................................................................ (14)
^ F2D istributlon  ^ F J )istriim tio n .......................................................................................................................................................................................0 ^ )
y  = positive constant, which is less than one always.
34
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According to the selection of primary and secondary distribution, the ± sign between 
distributions is selected in the Eqn.(16). If the primary distribution is always greater 
than the experimental results, minus sign should be considered. This means, that there 
exists a minority distribution, which is backward scattered and considered positive drift 
in the single distribution. That is a possibility of getting higher drift velocity for the 
major distribution than the experimental results.
If the selected primary distribution is always less than experimental results, positive 
sign should be used for the combined distribution. This means there exists a 
distribution, which gives a positive drift, but the primary distribution does not reflect 
that portion of electrons drift. Therefore, in the combined distribution model, a minority 
distribution with a positive sign will be compensated the neglected electron drift.
If the calculated result deviates from the experimental results, a certain portion of 
electrons drift is not accounted properly in the calculation.
5.2 Combined Distribution, Fx (e) = Maxwell Distribution and 
F7 (e) =Druyvestyn Distribution. (1-12 )Td
The combined distribution is expressed as
G(e) = ( l - r )F1(6) - ^ 2(6) .......................................................................................... (16)
eM = Mean _  Energy(Maxwell) 
eD= Mean _  Energy(Druyvestyn)
e° = (e / n ) X(Em ...............................................................................................   (17)
Combined distribution is defined as per the Eqn. (16). Eqn. (16) combined with values 
shown in Table 4.1 are substituted in Eqn.(9) to numerically calculate the drift velocity. 
The drift velocity calculated using the combined distribution gives satisfactory results. 
The percentage error of calculated drift velocity is within 2% margin. Results are 
tabulated in the Table 5.1.
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error ( % )
1 6.2300E+03 6.1750E+03 6.3656E+03 5.3397E+03 -0.89
2 8.3700E+03 8.2300E+03 8.5723E+03 7.1740E+03 -1.70
3 9.8200E+03 9.8130E+03 1.0310E+04 8.6453E+03 -0.07
4 1.1500E+04 1.1269E+04 1.1933E+04 1.0017E+04 -2.05
5 1.2900E+04 1.2698E+04 1.3542E+04 1.1381E+04 -1.59
6 1.4200E+04 1.4034E+04 1.5066E+04 1.2681E+04 -1.18
7 1.5400E+04 1.5274E+04 1.6499E+04 1.3915E+04 -0.82
8 1.6500E+04 1.6449E+04 1.7872E+04 1.5105E+04 -0.31
10 1.8700E+04 1.8761E+04 2.0608E+04 1.7487E+04 0.33
12 2.0700E+04 2.0854E+04 2.3135E+04 1.9710E+04 0.74
Figure 5.1 shows the results in the Table 5.1 graphically.
Eqn.(17) gives the relationship of minor distribution mean energy variation with the 
major distribution mean energy.
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Figure 5.1 Combined distribution results (Maxwell-Druyvestyn)
Figure 5.2 shows Maxwell, Druyvestyn and Combined distribution on the same plot. 
(E/N=l and Mean Energy = 0.3470eV) .
Maxwell,Druyvestyn end G distribution Gamma=Q.906,K=O.65, Mean Energyeo.347 eV
2 .5
— G distribution 
- Maxwell Distribution 
Druyvestyn Distribution
0.5
0.2 0 .4 0.6 0.6
eV
Figure 5.2 Maxwell, Druyvestyn and combined distribution on the same plot
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1 6.2300E+03 6.3660E+03 5.3400E+03 6.0150E+03 6.1750E+03 2.14 -16.67 -3.58 -0.89
2 8.3700E+03 8.5720E+03 7.1740E+03 7.8632E+03 8.2300E+03 2.36 -16.67 -6.44 -1.70
3 9.8200E+03 1.0310E+04 8.6450E+03 9.4185E+03 9.8130E+03 4.75 -13.59 -4.26 -0.07
4 1.1500E+04 1.1933E+04 1.0017E+04 1.0884E+04 1.1269E+04 3.63 -14.80 -5.66 -2.05
5 1.2900E+04 1.3542E+04 1.1381E+04 1.2252E+04 1.2698E+04 4.74 -13.35 -5.29 -1.59
6 1.4200E+04 1.5066E+04 1.2681E+04 1.3536E+04 1.4034E+04 5.75 -11.98 -4.91 -1.18
7 1.5400E+04 1.6499E+04 1.3915E+04 1.4748E+04 1.5274E+04 6.66 -10.67 -4.42 -0.82
8 1.6500E+04 1.7872E+04 1.5105E+04 1.5909E+04 1.6449E+04 7.68 -9.24 -3.71 -0.31
10 1.8700E+04 2.0608E+04 1.7487E+04 1.8087E+04 1.8761E+04 9.26 -6.94 -3.39 0.33
12 2.0700E+04 2.3135E+04 1.9710E+04 2.0131E+04 2.0854E+04 10.53 -5.02 -2.82 0.74
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G (e )= ^ (e ) - ( l- r )F 2(€) 






0.035 5.3000E+02 5.5030E+02 4.5030E+02 5.4170E+02 2.16
0.04 6.0000E+02 6.2370E+02 5.1080E+02 6.1390E+02 2.26
0.05 7.3700E+02 7.6510E+02 6.2760E+02 7.5290E+02 2.11
0.06 8.7000E+02 9.0140E+02 7.4070E+02 8.8680E+02 1.89
0.07 9.9800E+02 1.0331E+03 8.5010E+02 1.0161E+03 1.78
0.08 1.1240E+03 1.1575E+03 9.5400E+02 1.1382E+03 1.25
0.1 1.3690E+03 1.3963E+03 1.1538E+03 1.3723E+03 0.24
0.12 1.5780E+03 1.6235E+03 1.3443E+03 1.5950E+03 1.07
0.14 1.7770E+03 1.8340E+03 1.5216E+03 1.8010E+03 1.33
0.035 5.3000E+02 5.5030E+02 4.5030E+02 5.4170E+02 2.16
0.04 6.0000E+02 6.2370E+02 5.1080E+02 6.1390E+02 2.26
































m = r m - v - r ) m






0.17 2.0700E+03 2.1298E+03 1.7714E+03 2.0903E+03 0.97
0.2 2.3500E+03 2.4074E+03 2.0062E+03 2.3615E+03 0.49
0.25 2.7600E+03 2.8243E+03 2.3598E+03 2.7678E+03 0.28
0.3 3.1300E+03 3.1212E+03 2.6148E+03 3.0563E+03 -2.41
0.35 3.4700E+03 3.5621E+03 2.9857E+03 3.4852E+03 0.44
0.4 3.7900E+03 3.8823E+03 3.2572E+03 3.7955E+03 0.14
0.5 4.3300E+03 4.4468E+03 3.7348E+03 4.3411E+03 0.26
0.6 4.8200E+03 4.9323E+03 4.1436E+03 4.8084E+03 -0.24
0.7 5.2400E+03 5.3510E+03 4.4950E+03 5.2100E+03 -0.58
0.8 5.6100E+03 5.7150E+03 4.7990E+03 5.5580E+03 -0.94
1 6.2300E+03 6.3660E+03 5.3400E+03 6.1750E+03 -0.89
2 8.3700E+03 8.5720E+03 7.1740E+03 8.2300E+03 -1.70


















































II rr rr rr 3" •'3- ’•̂1" 'S' 'S' rr rT rr rr
V o o O o o O o o o o o o oo + + + + + + + + + + + + +
1 *9 *9 CO W W W W W s W W W W W W€ Os 00 rf rr Os rf X F CCS o 00 o03 >  S XI O m r- T|- X in vs Os vs 1—H o rr
(£3 w CN X o cn 'St 00 00 X CCS rr r-“4M—4•e CN vs X °9 p rs vs 00 CN X p
ii VO *§ 1—H -r’ r i fS fN CN co co' co!i
9li
£ C3 £ r£ -S' rr rl- rr r f r f rr rf rr rr rr© O O o o O o O o o O o o o
£ ts o H- + + + + + H- “I" + + + +(/j
V *s /o?v W W W W W W W W w w w
> F “̂4 X X F o <N Os X o o CN‘C > S 00 00 i—l o 00 00 os t̂ - 00p etj w o m X o ■'S' t^ 00 o o 00 rr oG CO ■ »-< •e p i—i CN cn «r> OS <—1 X 00 CN p CNQ -o *§ 1—4 <N CN CN CO CO rr
C3 rf TT rr 3- r f rr 'S' rr rr rr rr ■s-© • O O o o O o o o o o o o o
•rt o + + + + + + + + + + + + +
% 3 J2 ^ W W w W W W U W w w w w wX) 8  a cn (N X Os fN 00 in <N r-H vs co o
8 •e > S m rf X Os r- o m Os CN t m CN■fcj h-» s—̂ Ov tn o rr 00 X vs vs 00 X
2 CO■ •e rn vs X c*- o CO vs p CN r- CN p*© n§ r-* <N <N <N CN co co’ rr rr
£* TT Tj- Tf rr rr 'S' 'S' 'S' rr rT rr rr rrg • ̂ o o o o o o O o o o o o o
8 O nj"1 + + + + + + + + + + + + +
i
o W w W W W W W W w W w w wc c/a o o <=> <=> o o o O o Q o o'C > > O o o o O o o o o o o og ITi Ov CN X r~ r~ X t CN X 00
& •p* <N ■p X X oo o (N X 00 CN X o
w r i <N CN CN CO co’ rr
E/
N HW'
*o X r- 00 ot-H cŝ-4 'S' 20 25 30 35
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40 4.5400E+04 5.2058E+04 4.6436E+04 4.3025E+04 -5.52
50 5.7100E+04 6.0191E+04 5.4907E+04 4.9192E+04 -16.08
60 6.9500E+04 6.9730E+04 6.4470E+04 5.6220E+04 -23.62
70 8.3000E+04 7.9530E+04 7.4280E+04 6.3270E+04 -31.18
80 9.8000E+04 8.9360E+04 8.4170E+04 7.0160E+04 -39.68
100 1.2800E+05 1.0891E+05 1.0409E+05 8.3370E+04 -53.53
120 1.6500E+05 1.2801E+05 1.2403E+05 9.5670E+04 -72.47
140 1.9430E+05 1.4628E+05 1.4384E+05 1.0694E+05 -81.69
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Figure 5.4 shows the calculated drift velocity using combined (Maxwell-Druyvestyn) 
distribution. Calculated drift velocity values using combined distribution (Maxwell- 
Druyvestyn) are within ± 2% error limit in the E/N range (0.35 -  30) Td. Error 
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E/N
HYDROGEN DRIFT VELOCITY CALCULATION USING COMBINE DISTRIBUTION
Figure 5.4 Maxwell, Druyvestyn combined distribution 0.02- 35 Td
The Figure 5.5 represents the drift velocity and the associated error in the E/N range 
(0.15 to 0.50 Td)
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0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
E/N
HYDROGEN DRIFT VELOCITY CALCULATION USING COMBINE DISTRIBUTION
Figure 5.5 Maxwell, Druyvestyn combined distribution (0.02-0.5) Td range
5.4 Combined Distribution, Fx (e) = Boltzmann Distribution and 
F2(e)=Maxwell Distribution^ 1-35 )Td
G(e) = r-Fy(e) + (1 -  y).F2(e) 
gb -  Mean _ Energy{Boltzmanri) 
eM = Mean _ Energy(Maxwell)
= Fx  ...........................................
.(18)
(19)
Eqn.(18) and Eqn.(19) combined with values shown in Table 4.1 are substituted in 
Eqn. (9) to numerically calculate the drift velocity. Calculated drift velocity value and 
associate error are tabulated in the Table 5.4.
45
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G(e) = y.Fl(.e) + (l-y )F 2(e)













































1 6.2300E+03 6.0150E+03 6.2530E+03 0.37 3.452
2 8.3700E+03 7.8632E+03 8.1890E+03 -2.21 6.054
3 9.8200E+03 9.4185E+03 9.8080E+03 -0.12 4.089
4 1.1500E+04 1.0884E+04 1.1330E+04 -1.50 5.360
5 1.2900E+04 1.2252E+04 1.2757E+04 -1.12 5.022
6 1.4200E+04 1.3536E+04 1.4094E+04 -0.75 4.679
7 1.5400E+04 1.4748E+04 1.5354E+04 -0.30 4.234
8 1.6500E+04 1.5909E+04 1.6561E+04 0.37 3.580
10 1.8700E+04 1.8087E+04 1.8828E+04 0.68 3.279
12 2.0700E+04 2.0131E+04 2.0951E+04 1.20 2.747
14 2.2700E+04 2.2071E+04 2.2965E+04 1.15 2.770
17 2.5500E+04 2.4852E+04 2.5847E+04 1.34 2.541
20 2.8100E+04 2.7505E+04 2.8590E+04 1.71 2.117
25 3.2200E+04 3.1749E+04 3.2952E+04 2.28 1.400
30 3.6600E+04 3.5887E+04 3.7178E+04 1.55 1.948
35 4.0800E+04 4.0166E+04 4.1528E+04 1.75 1.553
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5.4.1 Comparison of BOLSIG Cross Section and the Cross Section Tabulated in
the Table 4.1













COMPARISION OF BOLSIG CROSS SECTION AND TABLE 4.1 CROSS SECTION
Figure 5.6 BOLSIG cross section and the cross section used in Maxwell
The Figure 5.6 shows that both cross section are fairly close at low electron energies. It 
deviates at higher energy levels. In a gaseous discharge, majority o f electrons have 
energy less than 20eV. Therefore the impact of cross section variation is not significant.
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Error Maxwell 
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HYDROGEN DRIFT VELOCITY CALCULATION USING COMBINE DISTRIBUTION(BOLTZMANN-MAXWELL)
Figure 5.7 Calculated drift velocity of Hydrogen using combined distribution
(BOLSIG and Maxwell)
5.5 Calculation of Drift Velocity of Hydrogen 
(With vibrational cross section. 1-140 Td)
In the previous calculations data in Table 4.1 was used to calculate the drift velocity.
The cross section shown in the Table 4.1 does not include rovibrational cross section. 
Therefore, two rovibrational cross section were selected for Hydrogen with a new 
momentum transfer cross section. The summation of rotational cross section and 
vibration cross section is called the rovibrational cross section.
48
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5.5.1 Combined Distribution, F,(e)= Boltzmann Distribution and
F2(e)=Maxwell Distribution (with vibrational cross section). 1- 140 Td
Eqn. (18) and Eqn.(19) combined with values shown in Table 5.6, Table 5.7, and Table 
5.8, are substituted in Eqn.(9) to numerically calculate the drift velocity.
Total cross section for this calculation was obtained by adding relevant vibrations cross- 
section curve (Table 5.7 and Table 5.8) to the momentum transfer cross section (Table 
5.6). Intermediate values for the total cross section were obtained by interpolation.
The Table 5.5 shows the calculated drift velocity for Hydrogen using total cross section 
(which include vibration cross section data)
t
The result of Chapter 5 leads to the following conclusions.
1. Electron energy distribution of gas discharge can be represented by the combined 
energy distribution better than single distribution.
2. For Hydrogen, Combined distribution shows good results for the E/N range l-60Td.
49
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The Figure 5.8 shows the graphical representation of Table 5.5 data for convenience.
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Figure 5.8 Calculation of drift velocity with combined distribution (Boltzmann- 
Maxwell) ,  (Maxwell with vibrational cross section, Engelhardt and England)















1 0.0000 6.35 32 2.1 17.90
2 0.0010 6.40 33 2.2 17.70
3 0.0020 6.50 34 2.5 17.20
4 0.0030 6.60 35 2.8 16.90
5 0.0050 6.80 36 3 16.30
6 0.0070 7.10 37 3.3 15.60
7 0.0085 7.20 38 3.6 15.05
8 0.0100 7.30 39 4.0 14.75
9 0.0150 7.65 40 4.5 13.90
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10 0.02 8.05 41 5 13.10
11 0.03 8.50 42 6 11.50
12 0.04 8.96 43 7 8.90
13 0.05 9.28 44 8 7.85
14 0.07 9.85 45 10 6.80
15 0.10 10.50 46 12 6.20
16 0.12 10.85 47 15 5.50
17 0.15 11.40 48 17 5.20
18 0.17 11.60 49 20 3.80
19 0.20 12.05 50 30 2.70
20 0.25 12.50 51 40 2.10
21 0.30 13.00 52 50 1.70
22 0.35 13.45 53 70 1.20
23 0.40 13.90 54 80 1.00
24 0.50 14.75 55 100 0.80
25 0.70 16.30 56 200 0.40
26 1.00 17.40 57 300 0.29
27 1.20 17.80 58 400 0.21
28 1.30 18.05 59 500 0.18
29 1.50 18.25 60 600 0.16
30 1.70 18.15 61 800 0.15
31 1.90 18.10 62 1000 0.12
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1 0.608 0.0108 27 3.930 0.7912
2 0.625 0.0140 28 4.466 0.8121
3 0.627 0.0173 29 4.700 0.8121
4 0.629 0.0218 30 5.338 0.7912
5 0.647 0.0276 31 6.057 0.7318
6 0.683 0.0322 32 6.696 0.6426
7 0.701 0.0367 33 7.400 0.5497
8 0.721 0.0452 34 7.771 0.4702
9 0.742 0.0529 35 8.789 0.3353
10 0.802 0.0618 36 9.455 0.2585
11 0.824 0.0704 37 9.920 0.2045
12 0.869 0.0823 38 10.932 0.1421
13 0.965 0.0962 39 11.176 0.1095
14 1.017 0.1154 40 11.142 0.0867
15 1.129 0.1384 41 11.108 0.0686
16 1.191 0.1618 42 11.081 0.0572
17 1.288 0.1843 43 11.047 0.0452
18 1.394 0.2211 44 11.305 0.0377
19 1.547 0.2653 45 11.877 0.0331
20 1.718 0.3353 46 11.546 0.0269
21 1.859 0.4023 47 11.820 0.0230
22 2.117 0.4826 48 11.796 0.0197
23 2.289 0.5356 49 11.759 0.0156
24 2.605 0.6100 50 11.739 0.0137
25 3.039 0.6769 51 11.707 0.0111
26 3.547 0.7511
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1 0.56 0.003 18 2.60 0.383
2 0.60 0.007 19 3.00 0.441
3 0.65 0.011 20 3.50 0.468
4 0.75 0.022 21 4.00 0.440
5 0.85 0.034 22 4.50 0.390
6 0.95 0.049 23 5.00 0.350
7 1.00 0.057 24 6.00 0.280
8 1.05 0.065 25 7.00 0.210
9 1.10 0.074 26 8.00 0.152
10 1.15 0.083 27 9.00 0.119
11 1.20 0.094 28 10.00 0.087
12 1.30 0.114 29 11.00 0.068
13 1.40 0.134 30 12.00 0.050
14 1.60 0.176 31 13.00 0.038
15 1.80 0.218 32 14.00 0.032
16 2.20 0.303 33 15.00 0.025
17 2.40 0.343
The Table 5.9 shows the quality of agreement between calculated drift velocity using 
combined distribution and experimental drift velocity for each case.
Table 5.9 Result summaries for vibration cross section








1- 60 Td 2.5 2.2 Gamma = 0.98






1- 60 Td 3.0 2.0 Gamma = 0.98
Epsilonbar (2)= 0. 22 * 
Epsilonbar (1)
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The Table 5.6 shows that combined distribution gives better results for E/N range (1-
60) Td.
The result of Chapter 5 leads to the following conclusions.
1. Combined distribution shows very good result for Hydrogen
2. Combined distribution and experimental result are within acceptable error 
in the E/N range (1-60) Td only.
57
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CHAPTER 6
CALCULATION OF DRIFT VELOCITY IN NITRIC OXIDE AND NITROUS
OXIDE
Nitric oxide and nitrous oxide have an industrial importance. Nitric oxide is a hazardous 
gas therefore special attention is made in the industrial sector to control NO. Internal 
combustion engines produce NO; therefore this has to be treated by some means. Even 
in the thermal power generation special attempt is made to control the NO discharge. 
The N2O is used in medical laser applications, where C 02 laser does not afford the 
required frequency range.
6.1 Drift Velocity Calculation in Nitric Oxide and Nitrous Oxide
For the nitric oxide and nitrous oxide past experimental data are not available unlike in 
the case of hydrogen. Particularly, mean energy for different E/N values could not be 
found. Therefore, following Eqn. (20) was used for Electron energy distribution [2].
Since, the average energy is not available for both NO and N20 , following equation was 
selected for the electrons energy distribution. The main reason for the selection is that 
the Eqn.(20) does not include average energy term. Using Eqn.(20), we can obtain 
different distributions by changing the power inside the exponential term.
(20)
Where,
Qm = cross section
m lM  = electron mass/ molecule mass
Aq = normaling const
58
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Normalization constant was obtained as below.
0
In addition, there was another restriction on the selection of the second distribution.
Average energy level of the second distribution is changed as a function of primary 
distribution average energy. Therefore average energy term must exist in the second 
distribution. Therefore, the Maxwell distribution had to be used as the second 
distribution.
F2(e) is always Maxwellian in the study of NO , N2O and H2, when Eqn.(20) is 
selected as Fr(e) in the Eqn.(18).
6.1.1 Nitric Oxide Drift Velocity Calculation
The Eqn.(20 )[2] was modified and obtained a different distribution for the primary 
distribution and it is shown in Eqn.(21). The main objective of this modification is to 
find a better primary distribution that gives good results as a single distribution. This 
Eqn. (20) is sensitive to the cross section.
Eqn. (21) and Eqn.(18) combined with values shown in Table 6.1, are substituted in the 
Eqn.(9) to numerically calculate the drift velocity.
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1 0.0370 17.510 66 0.6700 10.375 131 1.3900 11.370
2 0.0390 13.410 67 0.6800 10.625 132 1.4000 11.360
3 0.0400 12.650 68 0.6900 10.825 133 1.4100 11.265
4 0.0500 12.130 69 0.7000 11.000 134 1.4200 11.249
5 0.0600 10.680 70 0.7100 11.161 135 1.4300 11.130
6 0.0700 9.578 71 0.7200 11.250 136 1.4400 11.005
7 0.0800 9.041 72 0.7300 11.262 137 1.4500 10.887
8 0.0900 8.325 73 0.7400 11.250 138 1.4600 10.875
9 0.1000 7.936 74 0.7500 11.161 139 1.4700 10.827
10 0.1100 7.700 75 0.7600 11.000 140 1.4800 10.801
11 0.1200 7.591 76 0.7700 10.875 141 1.4900 10.773
12 0.1300 7.473 77 0.7800 10.650 142 1.5000 10.765
13 0.1400 7.337 78 0.7900 10.620 143 1.5200 10.801
14 0.1500 7.167 79 0.8000 10.501 144 1.5400 10.875
15 0.1600 7.141 80 0.8100 10.501 145 1.5600 10.889
16 0.1700 7.125 81 0.8200 10.625 146 1.5800 10.855
17 0.1800 7.200 82 0.8300 10.875 147 1.6000 10.750
18 0.1900 7.375 83 0.8400 11.125 148 1.6200 10.625
19 0.2000 7.750 84 0.8500 11.370 149 1.6400 10.510
20 0.2100 8.125 85 0.8600 11.625 150 1.6500 10.500
21 0.2200 8.675 86 0.8700 11.759 151 1.6600 10.450
22 0.2300 9.125 87 0.8800 11.882 152 1.6800 10.382
23 0.2400 9.600 88 0.8900 11.995 153 1.7000 10.382
24 0.2500 9.750 89 0.9000 12.000 154 1.7200 10.382
25 0.2600 9.750 90 0.9100 11.995 155 1.7400 10.383
26 0.2700 9.700 91 0.9200 11.750 156 1.7600 10.375
27 0.2800 9.500 92 0.9400 11.250 157 1.7800 10.313
28 0.2900 9.125 93 0.9500 10.750 158 1.8000 10.250
29 0.3000 8.875 94 0.9600 10.620 159 1.8200 10.200
30 0.3100 8.500 95 0.9700 10.620 160 1.8400 10.120
31 0.3200 8.250 96 0.9800 10.750 161 1.8500 10.115
32 0.3300 8.119 97 0.9900 11.000 162 1.8600 10.110
33 0.3400 8.250 98 1.0000 11.125 163 1.8800 10.110
34 0.3500 8.400 99 1.0100 11.250 164 1.9000 10.115
35 0.3600 8.750 100 1.0200 11.500 165 1.9200 10.050
36 0.3700 9.125 101 1.0300 11.750 166 1.9400 10.000
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37 0.3800 9.400 102 1.0400 11.875 167 1.9600 9.951
38 0.3900 9.800 103 1.0500 11.895 168 1.9800 9.916
39 0.4000 10.125 104 1.0600 11.914 169 2.0000 9.840
40 0.4100 10.375 105 1.0700 11.915 170 2.0500 9.750
41 0.4200 10.400 106 1.0800 11.875 171 2.2000 9.570
42 0.4300 10.400 107 1.0900 11.750 172 2.5000 9.375
43 0.4400 10.170 108 1.1000 11.625 173 3.0000 9.134
44 0.4500 9.875 109 1.1100 11.416 174 3.5000 9.063
45 0.4600 9.625 110 1.1200 11.250 175 4.0000 9.000
46 0.4700 9.250 111 1.1300 11.114 176 4.5000 9.000
47 0.4800 8.875 112 1.1400 11.103 177 5.0000 8.950
48 0.4900 8.834 113 1.1500 11.114 178 5.5000 9.000
49 0.5000 8.800 114 1.1600 11.125 179 6.0000 9.000
50 0.5100 8.810 115 1.1700 11.250 180 6.5000 9.100
51 0.5200 9.000 116 1.1800 11.416 181 7.0000 9.130
52 0.5300 9.375 117 1.1900 11.563 182 7.5000 9.200
53 0.5400 9.600 118 1.2000 11.630 183 8.0000 9.250
54 0.5500 9.875 119 1.2200 11.700 184 8.5000 9.344
55 0.5600 10.250 120 1.2400 11.625 185 9.0000 9.437
56 0.5700 10.500 121 1.2500 11.500 186 9.5000 9.500
57 0.5800 10.700 122 1.2600 11.375 187 10.0000 9.329
58 0.5900 10.750 123 1.2700 11.250 188 15.0000 10.057
59 0.6000 10.800 124 1.2800 11.130 189 20.0000 9.826
60 0.6100 10.750 125 1.2900 11.120 190 30.0000 9.336
61 0.6200 10.605 126 1.3000 11.110 191 40.0000 8.228
62 0.6300 10.375 127 1.3200 11.110 192 50.0000 6.580
63 0.6400 10.245 128 1.3400 11.130 193 100.0000 2.680
64 0.6500 10.138 129 1.3600 11.325 194 200.0000 1.210
65 0.6600 10.250 130 1.3800 11.375 195 500.0000 0.270
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0.30 3.3780E+03 7.9450E+03 7.8000E+03 4.2734E+03 -56.69 -45.21 1.86
0.50 4.7632E+03 8.8450E+03 8.6000E+03 5.6231E+03 -44.61 -34.62 2.85
0.70 5.6128E+03 9.3100E+03 9.1000E+03 6.8728E+03 -38.32 -24.48 2.31
1.00 6.5186E+03 1.2220E+04 1.2000E+04 8.3026E+03 -45.68 -30.81 1.83
3.00 1.0331E+04 2.6796E+04 2.6000E+04 1.4120E+04 -60.27 -45.69 3.06
5.00 1.2835E+04 3.3502E+04 3.2000E+04 1.7511E+04 -59.89 -45.28 4.69
7.00 1.5412E+04 3.8185E+04 3.8000E+04 1.9939E+04 -59.44 -47.53 0.49
10.00 1.9095E+04 4.7705E+04 4.7000E+04 2.3661E+04 -59.37 -49.66 1.50
30.00 3.4205E+04 6.8625E+04 6.6000E+04 4.3224E+04 -48.17 -34.51 3.98
50.00 4.3398E+04 8.4346E+04 8.4000E+04 5.6363E+04 -48.34 -32.90 0.41
Table 6.2 Combined distribution was obtained with Gamma = 0.962 and the K factor as 
shown in Figure 6.2 / Table 6.3.
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NO- DRIFT VELOCITY CALCULATION
Figure 6.1 NO drift velocity comparison of individual and combined distribution
K factor Variation: Second distribution fraction in Hydrogen study is either does not 
vary with E/N or a simple function of E/N (e.g. Eqn (17)). But for the NO it is an 
exponentially decaying function. It can be better represented by a graph (Figure 6.2). 
Table 6.3 shows selected K factors for each E/N.
Table 6.3 NOK-Factor
E/N K Factor E/N K Factor
0.30 0.0370 5.00 0.0080
0.50 0.0368 7.00 0.0065
0.70 0.0360 10.00 0.0048
1.00 0.0260 30.00 0.0030
3.00 0.0105 50.00 0.0023
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Figure 6.2 Selection of K factor for the second distribution 
6.1.2 Nitrous Oxide Drift Velocity Calculation
Eqn. (20) and Eqn. (18) combined with values shown in Table 6.4 are substituted in the 
Eqn. (9) to numerically calculate the drift velocity. Calculated drift velocity values are 
tabulated in the Table 6.5.
The Table 6.4 shows the nitrous oxide cross section data
64
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1 0.28 13.11 30 10.92 12.68
2 0.60 14.28 31 11.40 12.43
3 1.24 15.25 32 11.88 13.55
4 1.88 15.61 33 12.28 15.09
5 2.28 15.30 34 12.60 16.10
6 2.68 15.98 35 13.00 16.47
7 2.76 17.04 36 13.32 16.83
8 3.09 20.22 37 13.72 15.48
9 3.25 23.97 38 13.96 14.23
10 3.25 26.66 39 14.12 13.64
11 3.41 30.96 40 14.44 12.54
12 3.41 34.43 41 14.92 12.83
13 3.42 39.11 42 15.40 13.40
14 3.58 43.52 43 15.80 13.71
15 3.66 45.42 44 16.20 12.61
16 3.74 47.40 45 16.60 12.62
17 3.82 41.73 46 16.68 13.74
18 3.97 36.75 47 16.68 15.28
19 4.13 31.02 48 16.68 16.29
20 4.21 27.31 49 16.68 17.74
21 4.37 23.55 50 16.76 18.91
22 4.69 20.75 51 17.32 17.77
23 5.32 18.30 52 17.64 16.69
24 6.12 17.20 53 18.12 16.36
25 6.84 16.88 54 18.60 16.04
26 7.72 16.22 55 19.24 15.40
27 8.52 15.58 56 19.72 15.10
28 9.32 15.28 57 20.12 14.79
29 10.12 14.07
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0.1 9.64E+02 9.62E+02 7.00E+02 1.40E+03 27.36 27.26 72.52
0.2 1.13E+03 1.14E+03 1.30E+03 1.75E+03 -14.68 -14.30 25.68
0.4 1.37E+03 3.25E+03 2.80E+03 2.27E+03 -104.29 13.87 -23.40
0.6 1.60E+03 4.16E+03 4.00E+03 2.59E+03 -150.63 3.81 -54.52
0.8 1.80E+03 5.59E+03 6.00E+03 2.82E+03 -233.28 -7.24 -113.08
1 1.98E+03 7.75E+03 7.80E+03 3.00E+03 -293.09 -0.69 -159.88
2 2.74E+03 1.82E+04 1.80E+04 3.76E+03 -558.01 1.35 -378.24
4 3.68E+03 3.74E+04 3.70E+04 4.83E+03 -906.20 1.14 -666.69
6 4.37E+03 5.40E+04 5.30E+04 5.14E+03 -1112.84 1.84 -931.63
7 4.78E+03 5.82E+04 5.85E+04 5.49E+03 -1123.87 -0.49 -965.02
8 5.20E+03 6.46E+04 6.48E+04 5.92E+03 -1145.17 -0.34 -994.93
9 5.63E+03 7.17E+04 7.02E+04 6.37E+03 -1148.00 2.04 -1002.01
10 6.03E+03 7.21E+04 7.39E+04 6.83E+03 -1125.42 -2.51 -982.57
12 6.77E+03 7.98E+04 7.98E+04 7.71E+03 -1078.76 0.06 -935.22
14 7.40E+03 8.31E+04 8.34E+04 8.52E+03 -1026.37 -0.31 -878.65
16 7.95E+03 8.54E+04 8.47E+04 9.26E+03 -965.68 0.85 -814.71
18 8.42E+03 8.65E+04 8.64E+04 9.93E+03 -926.01 0.09 -770.46
Table 6.5 Combined distribution was obtained with Gamma = 0.985 and the K factor as 
shown in Figure 6.4/ Table 6.6.
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The Figure 6.3 shows the tabulated data in Table 6.2 data for continence.
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N20- DRIFT VELOCITY CALCULATION
Figure 6.3 N2O drift velocity comparison of individual and combined distribution
K factor variation: As in the case of NO, K factor for N2O is also exponentially 
decaying function. It can be better represented by the graph (Figure 6.4). The Table 6.6 
shows selected K factors for each E/N value.
Table 6.6 N2O K- factors









0.10 1.4000 1.00 0.0280 8.00 0.0031 16.00 0.0023
0.20 1.2000 2.00 0.0130 9.00 0.0028 18.00 0.0023
0.40 0.0600 4.00 0.0069 10.00 0.0028 20.00 0.0023
0.60 0.0500 6.00 0.0040 12.00 0.0025
0.80 0.0380 7.00 0.0035 14.00 0.0024
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Figure 6.4 N2O K  factor
6.2 Drift Velocity Calculation in Hydrogen using Eqn. (24)
Eqn. (20) and Eqn. (18) combined with values shown in Table 4.1 are substituted in the 
Eqn. (9) to numerically calculate the drift velocity. Calculated drift velocity values are 
tabulated in the Table 6.5.
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1 6.2300E+03 5.8320E+03 8.9760E+03 5.9880E+03 -6.82 44.08 -4.04
2 8.3700E+03 7.7630E+03 1.2010E+04 8.2270E+03 -7.82 30.31 -1.74
3 9.8200E+03 9.1800E+03 1.4206E+04 9.9870E+03 -6.97 30.87 1.67
4 1.1500E+04 1.0362E+04 1.5994E+04 1.1530E+04 -10.98 28.10 0.26
5 1.2900E+04 1.1387E+04 1.7555E+04 1.2931E+04 -13.29 26.52 0.24
6 1.4200E+04 1.2302E+04 1.8936E+04 1.4230E+04 -15.43 25.01 0.21
7 1.5400E+04 1.3146E+04 2.0169E+04 1.5459E+04 -17.15 23.65 0.38
8 1.6500E+04 1.3940E+04 2.1285E+04 1.6637E+04 -18.36 22.48 0.82
9 1.8700E+04 1.4696E+04 2.2311E+04 1.7775E+04 -27.25 16.18 -5.20
12 2.0700E+04 1.6818E+04 2.4989E+04 2.1011E+04 -23.08 17.16 1.48
14 2.2700E+04 1.8180E+04 2.6478E+04 2.3061E+04 -24.86 14.27 1.57
17 2.5500E+04 2.0270E+04 2.8283E+04 2.6035E+04 -25.80 9.84 2.05
20 2.8100E+04 2.2507E+04 2.9720E+04 2.8936E+04 -24.85 5.45 2.87
Table 6.6 Combined distribution was obtained with Gamma = 0.975 and the K factor as 
shown in Figure 6.6/Table 6.8.
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The Figure 6.5 shows the tabulated data in graphical form for convenience.
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HYDROGEN DRIFT VELOCITY CALCULATION USING EQN(25)
Figure 6.5 drift velocity of hydrogen using Eqn. (24)
The purposes o f studying hydrogen using Eqn.(20) is to compare the method of study. 
Therefore, K factor was selected as shown in Eqn.(17). This does not mean the same 
value of the Ki factor, but the same simple relationship with the E/N. It was observed 
that, Eqn.(20) is not as good as the distribution defined in Eqn.(4).
Eqn.(17) is repeated for convenience.
_
*= - -------— x where, Ki = 0.66-A T ( E/ N)
K  = ' (E / N)
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1 0.6600 6 0.1100 14 0.0471
2 0.3300 7 0.0943 17 0.0388
3 0.2200 8 0.0825 20 0.0330
4 0.1650 9 0.0733
5 0.1320 12 0.0550
Even though error is not within the previous error limits, it shows good results for the 
combined distribution holding simple relationship (Eqn.(17)) for K factor.
H2 K-FACTOR
E/N
Figure 6.6 H2 K-Factor variation
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CHAPTER 7
DISCUSSION AND CONCLUSION
As we observed in the previous Chapters, the combined distribution gave better results 
always. In other words, the combined distribution represents actual electron’s energy 
state better than a single distribution.
In this thesis, the concept of dual distribution is discussed in the gas discharge. 
Hydrogen gas was studied extensively with different cross section with the combined 
distribution. We found very good result with hydrogen.
However, the implementation of combined distribution is to give a better reflection of 
real energy state of electrons in the gas discharge. Thereby, we expected to obtain 
better result for the drift velocity. If we consider a single distribution, as an example 
“Maxwell Distribution”, calculated drift velocity is within 10% error at 12Td for 
Hydrogen. This implies that majority of electrons follow Maxwellian distribution and a 
minority portion of electrons follow a different distribution.
In this thesis combined distribution was studied with a one major distribution and a 
minor distribution. Minor distribution mean energy was changed as a factor of major 
distribution mean energy. The total population of electrons is divided between major 
and minor distribution. Electrons in the major and minor distributions are not always 
fixed into the same distribution. As a result of collision-type and the energy state prior 
to the collision defines which distribution is the better fit for that electron. Proportion of 
major and minor distributions could also be varied with the applied field strength, but 
that factor is not considered in this study. However, it can be assumed that the 
proportion of major to minor is constant for a range of E/N.
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Hydrogen gas was studied with different electron energy distribution functions and 
different cross section. It was noted that the Boltzmann distribution shows the better 
result as an individual distribution.
For the selected industrial gases, NO and N2O, experimental mean energy value was not 
available. Therefore the distribution function used in hydrogen drift velocity calculation 
could not be used in NO and N2O. As compensation to that, it was suggested to study 
the hydrogen using the Eqn.(20) and compare results.
However, the average energy value is an experimentally obtained value. Therefore it 
gives real energy state o f the gas discharge to the electron energy distribution. But in the 
study of NO and N2O mean energy was calculated. This has a positive impact of the 
second distribution. In addition, depending on the primary distribution selection, it has 
an influence of the secondary distribution parameters. However, the gases NO and N2O 
also shows better result for combined distribution, with an exponentially decaying 
factor for the minor distribution mean energy.
This study shows that the combined distribution shows better results always than a 
single distribution. Therefore the concept of considering second distribution in the 
gaseous discharge model is a useful concept for analyzing gas discharge.
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APPENDIX A
A1 Chapter 3 -  MATLAB Program
A l.I D - Calculation cross section NQ(e)
% CALCULATION OF D
% Changing d value different cross section are obtained 
















C=X1(1:20000); %— ---------------------------- Electron Enery Array
M=T.*C; %---------------------------------
P(l,l)=eps;
C1=P( 1:20000); % CONVERT MATRIX TO SAME ORDER
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N=M./C1;






A1.2 fi Calculation with cross section NQ(e)
%------------------------------------------------------------------------------
% CALCULATION OF MEU 
% Changing d value different cross section are obtained 














%p =crossectionM(x); % Q(x)- crossection Value
end
D=diff(T)./diff(X); %■ { d/dx(f(x)/e)} 
-Electron Enery ArrayC=X(1:19999); %■
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M=D.*C; %---------------------------------
P(l,l)=eps;
C1=P(1:19999); % CONVERT MATRIX TO SAME ORDER
N=M./C1;
Q=-(0.593096* 10A6)*( l/3)*( 1 * 10A-21) / ( 1*10A(-20))*N; 
i=i;
while i<=19997;




A2 Chapter 4 - MATLAB Program
























































%FINDING THE CORRECT CO-ORDINATE FOR STRAIGHT LINE EQUATION 










if  Data(i)<= x; % TRRGET VALUE 
d=Data(i); % XI VALUE 
if i<47




f=Data(i,2); %Y1 VALUE 
ifi<47;
















% CALCULATION OF EQUATION 
% Y = { (g-f)/(e-d)}*(x-d)+f
%----------------------------------------------------------------------
if  e-d >= eps
y = (( g-f)/(e-d))*(x-d)+f; 
else
y = ( ( g-f)/(e-d+eps))*(x-d)+f; 
end
A2.2 Drift Velocity Calculation Hydrogen- Maxwell
% -------------------------------------------------------------------------------
% DRIFT VELOCITY CALCULATION 
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while x<= 20;
Y=(A/((9.53*0.015)A 1.5))*exp(-B*x/(9.53*0.015)); % { d/dx(f(x)/e)} 







D=diff(T)./diff(X); %--------------------------------- { d/dx(f(x)/e)}




% CONVERT MATRIX TO SAME ORDER 
N=M./C1;
Q=-(0.593096* 10A6)*( l/3)*( 1*10A-21)/(1 * 10A(-20))*N;
i=i;
while i<=19997;




A2.3 Drift Velocity Calculation Hydrogen- Druyvestyn
% ------------------------------------------------------------------------------------------------------
% DRIFT VELOCITY CALCULATION 
% DRUYVESTYN DISTRIBUTION 
% CROSSECTION-1
80








Y=(A/((9.53*0.015)A1.5))*exp(-B*(x/(9.53*0.015))A2); % { d/dx(f(x)/e)} 







D=diff(T)./diff(X); %--------------------------------- { d/dx(f(x)/e)}




% CONVERT MATRIX TO SAME ORDER 
N=M./C1;
Q=-(0.593096* 10A6)*( l/3)*( 1 * 10A-21)/(1 * 10A(-20))*N; 
i=l;
while i<=19997;
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A2.2 Drift Velocity Calculation Hydrogen- General Distribution (p)
% -----------------------------------------------------------------------------------------------------------
% DRIFT VELOCITY CALCULATION 












A=2*(p+1 )*((gamma(5/(4*(p+1 ))))A( 1.5))/((gamma(3/(4*(p+1 ))))A(5/2)); 





Y=(A/((9.53*0.015)A1.5))*exp(-B*(x/(9.53*0.015))AC); % { d/dx(f(x)/e)} 
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D=diff(T)./diff(X); %---------------------------------{ d/dx(f(x)/e)}




% CONVERT MATRIX TO SAME ORDER 
N=M./C1;
Q=-(0.593096* 10A6)*( l/3)*( 1 * 10 A-21)/(1 * 10 A(-20))*N; 
i=l;
while i<=19997;




A3 Chapter 5 - MATLAB Program
A3.1 Combined Distribution ( Maxwell-Druyvestyn) E/N = 1- 12
%== = = — ■-■■ -  -■== = = = - - . ...
%COMBINED DISTRIBUTION ( MAXWELL - DRUYVESTYN) 
%K1=0.65 AND GAMMA=0.986, E/N =1-12
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% — —   -  ■ ■ -   -  = ^ -  : ■ ■, , =  = =  - , : ■ =
% Mean Energy Value m=[9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 
57.30];
%—  "  - —-   ■ ■
m l= l;
while m l<=10;
m=[9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 57.30];
EN=[1 2 3 4 5 6 7 8  10 12]; 
m ll(l,m l)= m (l,m l);
EN l(l,m l)=EN (l,m l);
m l=m l+ l;
end
0/ o _ _  ,,.,= = M ^ = m „ = = =    ---------------
% Drift Velocity Calculation
% " = =      a —  ^  _ = =  ,
i l  1= 1;
while ill< = l;
M ll= l;
while M il<=10; 






b(l,ill))-b(l,ill)*(1.0383/((bl*m ll(l,M ll)*0.015)A1.5))*exp(- 
0.5471*((x/(b 1 *m 11 (1 ,M11 )*0.015)))A2)); % { d/dx(f(x)/e)}


















H(j,l)= (QG,1>+ Q G + l,l)ro .001/2 ; 
j=j+i;
end
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A3.2 Combined Distribution (Maxwell-Druyvestyn) E/N = 1- 140:
%  "  ■■ '■  —  ......
%COMBINED DISTRIBUTION ( MAXWELL - DRUYVESTYN)
%K1=0.65 AND GAMMA=0.986, E/N =1-140




while i< 0.018; 
b(l,il)=i; 
i=i+0.007; 
il= il+ l; 
end
%—   :: ■   ■ '  ...
% Mean Energy Value m
% = = — — ■- -    ,.= = = = = ;jL .=.ja ,. ; , , =„-.,
m l= l;
while m l<=46;
%m=[9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 57.30];
%EN=[1 2 3 4 5 6 7 8  10 12];
m=[2.59 2.62 2.65 2.68 2.71 2.78 2.85 2.92 3.00 3.15 3.29 3.44 3.66 3.87 4.23 4.75 
4.90 5.24 5.93 6.63 7.35 8.09 9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 
57.30 63.0 71.0 78.7 91.6 105.1 117.9 133.3 172.2 198.2 219.0 237.0 267.0 293.0 319.0 
];
EN=[0.02 0.025 0.03 0.035 0.04 0.05 0.06 0.07 0.08 0.10 0.12 0.14 0.17 0.20 0.25 0.30 
0.35 0.4 0.5 0.6 0.7 0.8 1 2 3 4 5 6 7 8 10 12 14 17 20 25 30 35 40 50 60 70 80 100 120 
140];
m l l(l,m l)=m (l,m l);
EN l(l,m l)=EN (l,m l);
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m l=m l+ l;
end
%  :  • -  - s -  ^  —  - , -   ^ = = ^ _
% Drift Velocity Calculation 
il 1= 1;
while ill< = l;
M ll= l;
while M l 1<=46; 






b (l,ill»b(l,ill)* (1 .0383/((b l*m ll(l,M ll)*0 .015)A1.5))*exp(- 
0.5471*((x/(bl*mll(l,Mll)*0.015)))A2)); % { d/dx(f(x)/e)}







D=diff(T)./diff(X); %------------------------- ------- { d/dx(f(x)/e)}




% CONVERT MATRIX TO SAME ORDER 
N=M./C1;
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H(j,l)= (QG,1)+ Q (j+U ))*0.001/2 ; 
j=j+i;
end








A3.3 Combined Distribution (Boltzmann-Maxwell) E/N =1-40:
%-  —  ===== =— ==—
% COMBINE DISTRIBUTION 
% Kl=0.3, GAMMA=0.97, (1-0.03)

































il= il+ l; 
end 
m l= l; 
while m l<=24;
m=[ 9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 57.30 63.0 71.0 78.7 91.6 
105.1 117.9 133.3 172.2 198.2 219.0 237.0 267.0 293.0 319.0 ];
EN=[ 1 2 3 4 5 6 7 8 10 12 14 17 20 25 30 35 40 50 60 70 80 100 120 140 ];
m l l(l,m l)=m (l,m l);
EN l(l,m l)=EN (l,m l);
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m l=m l+l; 
end 
il  1=1;
while ill< = l;
M l 1=1;
while M l 1<= 17;



















D=diff(T)./difh:X); %-------------------------------- { d/dx(f(x)/e)}
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C1 =P(1:19999);
N=M./C1;






DF(M1 l,il 1 )=sum(H)+BL(Ml l,l)* (l-b (l,ill));
M11=M11+1;
end




A3.4 Cross Section Data New ( Hydrogen ):
%—   —   ■
% NEWCROSSECTIONDATA (HYDROGEN)
. . . .         ^     ... .................
function y =crossectionMNEW(x); 
d=0;e=0;f=0;g=0;






































































%FINDING THE CORRECT CO-ORDINATE FOR STRAIGHT LINE EQUATION 










if Data(i)<= x; % TRRGET VALUE 
d=Data(i); % XI VALUE 
if i<62




f=Data(i,2); %Y1 VALUE 
if i<62;














% CALCULATION OF EQUATION
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% Y = { (g-f)/(e-d)}*(x-d)+f 
%
%---------------------------------------------
if e-d >= eps
y = ( ( g-f)/(e-d))*(x-d)+f; 
else
y = ( ( g-f)/(e-d+eps))*(x-d)+f; 
end
A3.5 V Cross Section Data New (Hydrogen) Engelhardt:
% = = _  . ,  --------------------
% V COSS SECTION - ENGELHARDT
 -  -  -  -   —  .....





























































%FINDING THE CORRECT CO-ORDINATE FOR STRAIGHT LINE EQUATION 
%d= X-AXIS COORDINATE, Y-AXIS CODINATE
%x=l 1.620; 
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if Data(i)<= x; % TRRGET VALUE 
d=Data(i); % XI VALUE 
if i<48




f=Data(i,2); %Y1 VALUE 
if i<48














% CALCULATION OF EQUATION 
% Y = {( g-f)/(e-d)} *(x-d)+f
% ----------------------------------------------------------------------------
if e-d >= eps
y “ ( ( g-f)/(e-d))*(x-d)+f; 
else
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y = ( ( g-f)/(e-d+eps))*(x-d)+f; 
end
A3.6 V Cross Section Data New (Hydrogen) Englang:
%   ,,,
% V COSS SECTION - ENGLAND
%  „  ,      ,








































%FINDING THE CORRECT CO-ORDINATE FOR STRAIGHT LINE EQUATION 
%d= X-AXIS COORDINATE, Y-AXIS CODINATE
%------------------------------------------------------------------
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else
for i=l:33; 
if  Data(i)<= x; % TRRGET VALUE 
d=Data(i); % XI VALUE 
if i<33;




f=Data(i,2); %Y1 VALUE 
if i<33;














% CALCULATION OF EQUATION 
% Y = { (g-f)/(e-d)}*(x-d)+f
% ---------------------------------------------------
if e-d >= eps
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y = ( ( g-f)/(e-d))*(x-d)+f; 
else
y = ( ( g-f)/(e-d+eps))*(x-d)+f; 
end
A3.7 V Cross Section Data New (Hydrogen) Englang:
%.-------------------------------------------------------------------------------------------
%COMBINED DISTRIBUTION (BOLTZMANN-MAXWELL) 
































il= il+ l; 
end 
m l= l; 
while ml<=24;
nr=[ 9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 57.30 63.0 71.0 78.7 91.6
105.1 117.9 133.3 172.2 198.2 219.0 237.0 267.0 293.0 319.0 ];
EN=[ 1 2 3 4 5 6 7 8 10 12 14 17 20 25 30 35 40 50 60 70 80 100 120 140 ]; 
m l l(l,m l)=m (l,m l);
EN l(l,m l)=EN (l,m l);
m l=m l+ l;
end
i l l= l ;
while ill< = l;
M l 1=1;
while M l 1<= 24;
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Y=<b(Ull)*(2.073/((bl*mll(l>Ill)*0.015)A1.5))*exp(-
1.5*((x/(bl*mll(l,Mll)*0.015)))Al));








D=diff(T)./diff(X); % { d/dx(f(x)/e)}








H(j,l)= (QG,1)+ QG+l,l))*0.001/2; 
j=j+i;
end
DF(M1 l,il 1 )=sum(H)+BL(M 1 l,l)* (l-b (l,il 1));
M11=M11+1;
end
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A3.8 V Cross Section Data New (Hydrogen) Engelhardt:
%--------------------------------------------------------------------------------------------
%COMBINED DISTRIBUTION (BOLTZMANN-MAXWELL) 
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i=0.020; 




il= il+ l; 
end 
m l= l; 
while m l<=24;
m=[ 9.53 16.76 23.10 28.50 33.0 37.10 41.00 44.70 51.10 57.30 63.0 71.0 78.7 91.6
105.1 117.9 133.3 172.2 198.2 219.0 237.0 267.0 293.0 319.0 ];
EN=[ 1 2 3 4 5 6 7 8 10 12 14 17 20 25 30 35 40 50 60 70 80 100 120 140 ]; 
m l l(l,m l)=m (l,m l);
EN l(l,m l)=EN (l,m l); 
m l=m l+ l; 
end 
il 1—1;
while ill< = l;
M l 1=1;
while M l 1<= 24;
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Y=(b( 1 ,i 11)*(2.073/((b l*m ll(l,M ll )*0.015)A 1. 5))*exp(-
1.5*((x/(bl*mll(l,Mll)*0.015)))Al));








D=diff(T)./diff(X); % { d/dx(f(x)/e)}





Q=-(0.593096* 10A6)*( 1/3)*((EN 1 (1 ,M11 ))* 10A-21)/(1 * 10A(-20))*N;
j= i;
while j<=39997;
H(j,l)= (Q(j,l)+ Q(j+ l,l))*0 .001/2; 
j=j+ i;
end
DF(M1 l,il 1 )=sum(H)+BL(M 1 l,l)* (l-b (l,il 1));
M11=M11+1;
end
il l= i l l+ l ;
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A4 Chapter 6 - MATLAB Program

























































































































































































































%FINDING THE CORRECT CO-ORDINATE FOR STRAIGHT LINE EQUATION
%d= X-AXIS COORDINATE, Y-AXIS CODINATE
ifData(l)>x;
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if Data(i)<= x; % TRRGET VALUE 
d=Data(i); % XI VALUE 
if i<196




f=Data(i,2); %Y1 VALUE 
ifi<196;













% CALCULATION OF EQUATION 
% Y = { (g-f)/(e-d)} *(x-d)+f
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if  e-d >= eps
y -  (( g-f)/(e-d))*(x-d)+f; 
else
y = (( g-f)/(e-d+eps))*(x-d)+f; 
end
A4.2 Nitric Oxide Drift Velocity And Average:
%----------------------------------------------------------------------------------------------------------------------




















fl=(xl A0.5)*exp(-R*(2*crossectionNO(x 1 )*xl * 10A(-20)/(E* 10A-21 ))AE2( 1 ,a)); 
F l(l,k l)= fl;
X (k l,l)= x l;
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xl=xl+0.001;
k l= k l+ l;
end
fork2=l:39995 







while xlO<= 40; 
f l 0=A*((xl 0)/(crossectionNO(xl 0)* 10A(-20)))*exp(- 
















f=A*exp(-R*(2 *crossectionNO(x)*x* 10A(-20)/(E* 10A-21 ))AE2( 1 ,a)); 
F(l,k)=f;
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D=diff(T)./diff(X); % { d/dx(f(x)/e)}





% CONVERT MATRIX TO SAME ORDER
%------------------------------------------------------------
N=M./C1;
Q=-(0.593096* 10A6)*( 1/3)*(E* 10A-21)/(1 * 10A(-20))*N; 
i=l;
while i<=39997;
H(i,l>= (Q(i,l)+ Q(i+l,l))*0.001/2; 
i=i+l; 
end
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A4.3 Combined Distribution:
% -------------------------------------------------------------




% al= 7 ;
% E=7;
Bl=0.019;





































f=(2.073/((Data4(a 1,1 )*Data3(al ,2))A 1. 5))*exp(
1. 5*(x/(Data4(al, 1 )*Data3(al ,2)))A( 1));
F(l,k)=f;
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C1=P(1:40000);
%-----------------------------------------------------------






H(i,l)= (Q(i,l)+ Q(i+l,l))*0.001/2; 
i=i+l; 
end
DF(a 1,1 )=( 1 -B1 )*Data2(al, 1)+ B 1 *sum(H); 
end
DF
A4.4 Nitrous Oxide Drift Velocity And Average:
%--------------------------------------------------------------------------
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xl=eps; 
while xl<= 40;
fl=(xl A0.5)*exp(-R*(2*crossectionN02(xl )*xl * 10A(-20)/(E(j ,1)*10A- 
21))AE2(l,a));
F l(l,k l)= fl;
X (k l,l)= x l;
xl=xl+0.001;
k l= k l+ l;
end
for k2=l:39995 





k l0= l; 
xl0=eps; 
while xl0<= 40; 
f l 0=A*((x 10)/(crossectionNO2(x 10)* 10A(-20)))*exp(- 
R*(2 *crossectionN02(x 10)*(xl0)*1 0A(-20)/(E(j, 1 )* 10A-21 ))AE2( 1 ,a)); 
F10(l,kl0)=fl0;




for k20=l .39995 
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% AVE(E,a)=sum(G 10);





f=A*exp(-R*(2*crossectionN02(x)*x* 10A(-20)/(E(j, 1 )* 10A-21 ))AE2( 1 ,a)); 
F(l,k)=f;
% Fl(l,k)=fl;







D=diff(T)./diff(X); %--------------------------------- { d/dx(f(x)/e)}





% CONVERT MATRIX TO SAME ORDER
%------------------------------------------------------------
N=M./C1;
Q=-(0.593096* 10A6)*( l/3)*(E(j, 1 )* 10A-21)/(1 * 10A(-20))*N; 
i=l;
while i<=39997;
H(i,l)= (Q(i,l)+ Q(i+l,l))*0.001/2; 
i=i+l;
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end
DF=sum(H)






A4.5 Nitrous Oxide Combined Distribution:
%----------------------------------------------------------------------------------------------------


































































f=(2.073/((Data4(al, 1 )*Data3(al ,2))A 1. 5))*exp(
1.5 *(x/(Data4(al, 1 )*Data3(a 1,2)))A( 1));
F(l,k)=f;







D=diff(T)./difF(X); %--------------------------------- { d/dx(f(x)/e)}
C=X(1:40000); %--------------------------------- Electron Enery Array
M=D.*C; %---------------------------------
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H(i,l)= (Q(i,l)+ Q(i+l,l))*0.001/2; 
i=i+l; 
end
DF(al, 1 )=( 1 -B1 )*Data2(al, 1)+ B1 *sum(H);
end
DF
A4.6 Hydrogen Drift Velocity And Average:
% -------------------------------------------------------------------------------------------------------------------------



















%R=5.446623094* 10A(-5); % Ratio (m/M)
%R=1/1836;
%----------------------------------------------------------------------------------------------------------------




F l(l,k l)= fl;
X (k l,l)= x l;
xl=xl+0.001;
k l= k l+ l;
end
for k2=l:39995 
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for k20=l .39995 









f= A*exp(-R*(2 *crossectionM(x) *x* 10A(-20)/(E* 10A-21 ))AE2( 1 ,a5)); 
F(l,k)=f;







D=difF(T)./difF(X); %--------------------------------- { d/dx(f(x)/e)}
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% CONVERT MATRIX TO SAME ORDER
%------------------------------------------------------------
N=M./C1;
Q=-(0.593096* 10A6)*(1/3)*(E* 10A-21)/(1 *10A(-20))*N;
i=i;
while i<=39997;









A4.7 Hydrogen Combined Distribution:
% H2 COMBINED DISTRIBUTION 
% :------------------
clear;






for a l= l :2;
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for J= l:l; 
k=l;




f=(2.073/(((Kl *Data4(al, J)/Data3(al, 1 ))*Data3(al ,2))A1,5))*exp(
1,5*(x/((Kl *Data4(al ,J)/Data3(al, l))*Data3(al ,2)))A(1));
F(l,k)=f;












% CONVERT MATRIX TO SAME ORDER 
N=M./C1;
Q=-(0.593096*10A6)*(l/3)*(Data3(al, 1 )* 10A-21)/(1 * 10A(-20))*N; 
i=l;
while i<=39997;
H(i,l)= (Q(i,l)+ Q(i+l,l))*0.001/2 ; 
i=i+l; 
end
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